Purpose: Tomatoes, an important agricultural product in fresh-cut markets, are sometimes a source of foodborne illness, mainly Salmonella spp. Growth cracks on tomatoes can be a pathway for bacteria, so its detection prior to consumption is important for public health. In this study, multispectral Visible/Near-Infrared (NIR) reflectance imaging techniques were used to determine optimal wavebands for the classification of defect tomatoes. Methods: Hyperspectral reflectance images were collected from samples of naturally cracked tomatoes. To classify the resulting images, the selected wavelength bands were subjected to two-band permutations, and a supervised classification method was used. Results: The results showed that two optimal wavelengths, 713.8 nm and 718.6 nm, could be used to identify cracked spots on tomato surfaces with a correct classification rate of 91.1%. The result indicates that multispectral reflectance imaging with optimized wavebands from hyperspectral images is an effective technique for the classification of defective tomatoes. Conclusions: Although it can be susceptible to specular interference, the multispectral reflectance imaging is an appropriate method for commercial applications because it is faster and much less expensive than Near-Infrared or fluorescence imaging techniques.
Introduction
Food safety has become an extremely important issue throughout countries. Foodborne illnesses in the United States cost approximately $10-$83 billion annually. Contamination, bacterial infection, and defective products are common causes threatening food safety. Food poisoning cannot be completely eradicated because of the diverse characteristics of the bacteria involved in the various conditions for growth, life cycle, and incubation period. Salmonella spp. is a major food poisoning pathogen worldwide. Over 1.4 million outbreaks of disease associated with Salmonella occur annually in the United States (CDC, 2007) . Contaminated foods and water have been known to have a high potential for the transmission of Salmonella infection, and those having weak immune systems such as infants and the elderly are especially prone to infection. To prevent Salmonella infection, food can be heated by some means before consumption because Salmonella cannot withstand high temperatures even if it is present in the food. Even so, Salmonella remains a risk due to the increasing market share of fresh-cut products; there is a drift towards the fresh-cut market because of consumer demands for convenience and concern for their health. However, microorganisms are serious contaminants in minimally processed fresh-cut food and this raises problems within every fresh-cut market (Beuchat, 1996) . Due to the minimum treatment of these products, bacteria growth is imminent, thus becoming a potential menace for public health (Ahvenainen, 1996; Francis et al., 1999) .
Tomato is one of the most critical agricultural products and its industries account for more than $2 billion annually in the United States. The tomato is also a typical fresh-cut vegetable, and it can cause an outbreak of food poisoning in its uncooked condition. A recent report in the Centers for Disease Control and prevention(CDC) during [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] shows that outbreaks of food poisoning is associated with tomatoes that infected pathogen such as Salmonella, S. Typhimurium, S. Newport, S. Saintpaul, S. Javiana (CDC, 2011) . The origin of a pathogen infection is the surrounding farm environment. Generally, in vegetable irrigation systems, especially for tomatoes, water is sprayed by a drip irrigation system. At this point, water contaminated with pathogen can touch the surface of vegetable. In addition, pathogen may infiltrate into the tomato through a stem scar where it either survives or dies slowly (Guo et al., 2002) . One study reported that once food poisoning bacteria invades a tomato through a crack in the surface of the tomato, it forms a colony (Hedberg et al., 1999) .
When 30-60% of the tomato surface turns red or pink, the tomato cracks occur easily. According to the standards for grades of fresh tomato in the United States, if the aggregated growth cracks lengths are within 2 1/2 inch, the tomato may be classified U.S. No. 1 grade (USDA, 1991) . However, these cracks may lengthen or deepen during transport, tomato ripening, or conditions in the environment after harvest. Occasionally, they may become contaminated with harmful bacteria. That is, a cracked tomato may provide the proper medium for a bacterial inoculum (Lin and Wei, 1997; Beuchat, 2002) . Many solutions such as water rinsing, chlorine, organic acids, ozone, and irradiation have attempted to eliminate bacteria from fresh-cut products. However, these methods cannot eradicate all bacteria and the usage of inappropriate dosage for sanitizers is able to survive some bacteria (Wei, 1995; Beuchat, 2002; Asplund, Williams, 2012 and Nurmi, 1991) . Due to the wide distribution of products in the United States, finding the origin of fresh-cut products associated with a foodborne outbreak is very difficult (De Roever, 1999) . Therefore, before the packing and shipping stage, detecting defective tomatoes with cracks on the surface is important. Also those having cracks should be discarded.
Imaging techniques have been developed as an inspection method for the quality and safety assessment of a variety of agricultural food products. Among these imaging techniques, hyperspectral/multispectral imaging has been developed as a potentially non-destructive method to assess the quality of various agricultural products such as apples, cucumbers, and cantaloupes (Cho et al., 2011; Liu et al. 2006; Vargas et al., 2005) . It has been shown as is an effective tool for detecting surface defects and the contamination of agricultural products. For this study, hyperspectral reflectance images were collected from samples of naturally cracked tomatoes. The aim of the present study is to identify the specific wavelength bands that could be applied to detect cracked tomatoes while covering the range of color grades of tomatoes. To assess the process rigorously, the selected wavelength bands were subjected to two-band permutations, and a supervised classification method was used to classify the resulting images.
Material and Methods

Tomatoes
Tomatoes with (n = 120) and without (n = 120) growth cracks were purchased from a local farm located in Beltsville, Maryland, USA. When collecting the samples, we chose tomatoes with cracked spots of aggregate lengths between 2 1/2 inch and 5 inch because the United States Standard for Grades of Fresh Tomatoes regards tomatoes with aggregate crack lengths less than 2 1/2 inch as the highest grade, and tomatoes with aggregate crack lengths greater than 5 inch are unusable for commercial purposes. Samples consisted of various colors from tomato color classification requirements of the USDA as follows: green, breakers, turning, pink, light red, and red. Prior to obtaining hyperspectral images, samples were cleaned with a paper towel to remove dust and moisture. Figure 1 shows a schematic diagram of the hyperspectral Vis/NIR imaging system. It consists of an imaging spectrograph (VNIR Concentric Imaging Spectrograph, Headwall photonics, Fitchburg, MA, USA) and an electron multiplying chargecoupled device (EMCCD: Luca R DL-604M, Andor Technology, South Windor, CT, USA) mated with a C-mount object lens (F1.9 35mm compact lens, Schneider Optics, Hauppauge, NY, USA). The lighting module consists of a halogen lamp,
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